ABSTRACT. Red rod is an economically important disease of sugarcane caused by the fungus Colletotrichum falcatum. We used a simple sequence repeat (SSR)-based marker system to identify and analyze genetic relationships of red rot resistant and susceptible sugarcane cultivars grown in Pakistan. Twenty-one highly polymorphic SSR markers were used for DNA fingerprinting and genetic diversity analysis of 20 sugarcane cultivars. These SSR markers were found to be highly robust; we identified 144 alleles, with 3-11 alleles per marker and a mean of 6.8. Three SSR markers were able to identify all 20 cultivars. DNAMAN ® -generated homology tree was used to analyze genetic diversity among these cultivars; all cultivars shared 58% or more similarity. We correlated polymorphism information content and resolving power values with marker effectiveness in the process of sugarcane cultivar identification. We concluded that a small number of SSR-derived DNA markers will allow breeders to identify red rot resistant and susceptible cultivars.
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INTRODUCTION
Modern sugarcane cultivars are interspecific hybrids produced by crosses between Saccharum officinarum L. and its wild relatives S. spontaneum L., S. sinense Roxb. or S. barberi Jesw (Miller et al., 2005) . Sugarcane cultivars have a complex, aneuploid and polyploid genome, which contains 100-120 chromosomes (D'Hont et al., 1996) . Due to the complex nature of the genome, molecular analysis of sugarcane is not an easy task; however, different molecular techniques have been employed in sugarcane breeding and trait-related marker studies, including random amplified polymorphic DNA (RAPD) for genetic diversity (Harvey and Botha, 1996; Nair et al., 2002; Pan et al., 2003a) , amplified fragment length polymorphism (AFLP) for genome mapping and QTL analysis of yield components (Hoarau et al., 2002; Lima et al., 2002) , and restriction fragment length polymorphism (RFLP) in genetic diversity and genome complexity (Lu et al., 1994; Jannoo et al., 1999; Silva and Bressiani, 2005) .
Present in the genomes of most eukaryotic organisms, microsatellites or simple sequence repeats (SSRs) are short nucleotide repeats of 1-6 bp with SSR alleles showing differences in the number of these repeat units (Jeffreys et al., 1985) . SSR markers are ubiquitous in plant genome and have advantage of reproducibility and multiallelism (Powell et al., 1996) . SSR marker studies have been carried out in different plant species such as maize (Sharopova et al., 2002) , rice (Chen et al., 1997) , wheat (Pestsova et al., 2000) , and barley (Liu et al., 1996) . A large amount of variability was found among different species and populations (Goldstein and Schlotterer, 1999) . Due to this variability, microsatellite markers have been used for different genetic studies. Specifically for sugarcane, it is worthwhile to mention studies such as fingerprinting of Australian sugarcane clones (Piperidis et al., 2001 ), genotyping and fingerprinting of USA sugarcane cultivars (Pan et al., 2003a,b; Glynn et al., 2009) , genetic diversity (Cordeiro et al., 2003) , mapping of useful genes (Singh et al., 2005) , genetic mapping , sugarcane genome study , cultivar identification (Pan et al., 2007) , evolutionary relationships among species (Brown et al., 2007) , use of EST-derived SSR for fingerprinting (Pinto et al., 2006) , marker assisted selection (Pinto et al., 2011) , etc. With the advances of sugarcane microsatellite (SSR) DNA genotyping technology, the sugarcane breeders are now able to efficiently and accurately determine the genetic identity of sugarcane varieties and reveal any sugarcane clone misidentifications (Pan et al., 2003a,b) . The International Sugarcane Microsatellite Consortium (ISMC) has designed 221 microsatellite markers based on the sugarcane genomic DNA sequences (Cordeiro et al., 2000) . In 2006, Pan et al. used these 221 microsatellite markers for germplasm evaluation and fingerprinting of USA cultivars. They found that 67 of these 221 markers showed robust PCR products. Based on the study of Pan et al. (2006) , we selected 21 highly polymorphic microsatellite markers to genotype 20 sugarcane cultivars grown in Pakistan.
The objectives of the present research were: a) to develop molecular identification profiles, based on SSR markers, of 20 sugarcane cultivars resistant/susceptible to red rot dis-ease from Pakistan, so that the breeder can identify these cultivars correctly; b) to analyze their genetic diversity.
MATERIAL AND METHODS

Plant material
Twenty sugarcane cultivars that are grown mainly in Pakistan were obtained from the Shakarganj Sugar Research Institute (SSRI), Jhang, Pakistan. These cultivars showed different disease responses to the red rot pathogen that varied from highly resistant to highly susceptible (Table 1 ). Other parameters for the selection of these genotypes also included characteristics such as yield potential, maturity trend, ratoonability, salt tolerance, etc. (data not shown). 
DNA extraction
Total genomic DNA was isolated from fresh leaf samples by the CTAB method (Doyle and Doyle, 1990) . DNA concentrations were quantified by UV spectrophotometry followed by equilibration by 1.5% (w/v) agarose gel electrophoresis (Sambrook et al., 1989) .
PCR amplification and capillary electrophoresis (CE)
PCR and SSR fragment analysis were conducted following a high-throughput sugarcane genotyping procedure (Pan et al., 2007) , in which a Hamilton's Microlab Star Liquid Handling Station with a 96 probe head and eight independent pipette channels (Hamilton Company, Reno, NV, USA) were used to prepare PCR and CE samples. The PCR volume was 5 mL consisting of 0.25 μL DNA sample, 0.5 μL 10X buffer, 0.3 μL 25 mM MgCl 2, 0.1 μL 10 mM dNTPs, 0.41 μL 3 μM of each forward and reverse primers, 0.5 μL 10 mg/mL BSA-V, 0.5 μL 100 mg/mL PVP-40, 0.025 μL 5 U/μL Taq polymerase and 2.0 μL PCR water. PCR amplifications were conducted on a DNA Engine Tetra (Bio-Rad Laboratories, Hercules, CA, USA) under the program of 95°C for 15 min, 40 cycles of 94°C for 15 s, varying annealing temperature (Table 2) for 15 s, and 72°C for 1 min, a final extension at 72°C for 10 min, and holding at 4°C. PCR-amplified SSR DNA fragments were separated along with the GeneScan TM 500 Rox TM Size Standard by CE on an ABI3730 Genetic Analyzer, a procedure called GeneScan or fragment analysis, following manufacturer instructions (Applied Biosystems, Inc., Foster City, CA, USA). The CE-based separation processes were recorded automatically into individual GeneScan files. 
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Data analysis
The GeneMapper 3.0 software (Applied Biosystems) was used for processing the GeneScan files to reveal the electropherograms. The program calibrated the size of the DNA fragment automatically according to the GeneScan TM 500 Rox TM Size Standard. Those that produced measurable fluorescence peaks with CE were scored manually. The presence of a particular SSR allele was given a score of "A" and its absence a score of "C." The overall scorings for the 144 SSR alleles in an affixed sequence order that were amplifiable from all the 21 SSR markers for a particular variety constituted its genotyping file as described by Pan et al. (2007) . Other DNA fragments that showed measurable, yet inconsistent, fluorescence peaks during CE as a result of "stutters", "pull-ups", "dinosaur tails", or "minus-adenine" were not scored (Pan et al., 2003a) . Each genotyping file was manually scored twice to avoid any error. The resulting genotyping files of all 20 varieties were aligned using the Multiple Sequence Alignment program of the DNAMAN ® software (Lynnon Biosoft, Vaudreuil, Quebec, Canada) to identify those sequences that were unique for a particular cultivar, to indicate how many cultivars could be identified by a particular SSR marker and also to generate a homology tree. The homology tree was used to analyze the grouping pattern and diversity among the different cultivars (Chen et al., 2009) .
The resolving power (RP) of each SSR marker was calculated using the formula given by Prevost and Wilkinson (1999) : RP = ∑Ib, where Ib represents allele information, which is computed by the formula Ib = 1 -(2 ×│0.5 -M│). The M value is the proportion of the total 20 genotypes containing the allele. On the other hand, the polymorphism information content (PIC) for each SSR marker was calculated using the formula of Smith et al. (1997) : PIC = 1 -∑Pi 2 , where Pi is the frequency of the ith allele.
RESULTS
SSR polymorphic potential
The 21 SSR markers amplified a total of 144 alleles, of which 135 (93.8%) were polymorphic. The number of alleles produced by each marker varied from 3 to 11, with an average of 6.85. Markers SMC31CUQ and SMC597CS produced the largest number of alleles, 11, while marker SMC36BUQ produced the smallest number, 3 (Figure 1 ). The high number of alleles and polymorphic nature of these SSR markers indicated their robustness in fingerprinting sugarcane cultivars. However, the number of alleles amplified by any SSR marker was not directly related to its ability to distinguish the sugarcane cultivars. The number of cultivars distinguishable by any SSR marker varied from zero to twenty. SMC36BUQ did not generate unique binary sequence for any cultivar, so no cultivar could be identified using this primer. In contrast, markers SMC31CUQ, mSSCIR3 and SMC597CS produced 20 different allelic binary sequence combinations, with each sequence combination being unique for a particular cultivar. Therefore, these three SSR markers were capable of discriminating all 20 cultivars studied.
Polymorphism information content
The PIC values of the 21 SSR markers varied from 0.4 (marker SMC1751CL) to 0.84 U. Hameed et al.
(marker SMC597CS) with a mean of 0.69 (Table 3) . Overall, the PIC values from this study were similar to those reported by Pan et al. (2006) . Table 3 . SSR numbers and names, their polymorphism information content (PIC), resolving power (RP) of marker, and number of cultivars distinguished by each marker pair.
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Resolving power
Resolving power depended on the distribution of the alleles within genotypes. The RP values ranged from 0.0 (marker SMC1751CL) to 5.1 (marker SMC31CUQ) with a mean of 2.37 (Table 3) . Three markers, namely SMC31CUQ, mSSCIR3, and SMC597CS, showed RP values equal to or greater than 4.9, and were able to distinguish all the 20 sugarcane cultivars evaluated in this study. However, the exact number of cultivars distinguishable by any SSR primer pair was not solely correlated with its RP value, but rather a combination of RP, PIC and the number of detectable SSR alleles.
Dendrogram analysis and genetic diversity
The presence and absence of a particular allele was scored for each of the 20 cultivars, and presence was represented by the symbol A and absence by the symbol C. For example, the molecular identity of variety CPF246 was represented by the following sequence based on the presence and absence of all 144 alleles, AAC CAAACCCAAAAACCCACCCCAACACCCCCAACACACACACAAACCCAC CACCAACCAACCAAACCACACAAAACCCAACACCACCAACCAAACCCCAAC CAACCCCCACCCCCACCCCCCAAACACCACAACACCCCAAAA. The resulting genotyping files of all 20 varieties were aligned. From these data, a homology tree was constructed by the Multiple Sequence Alignment Program that showed 58 to 79% similarities among the 20 cultivars (Figure 2) . The maximum homology of 79% was observed between CPD346 and CSSG676. The 20 cultivars clustered into two major groups. Group I consisted of 16 cultivars and could be further divided into two subgroups, group IA and group IB. Group IA comprised SPSG2453, SPF213, NSG311, NSG555, CPF246, HoSG529, and all these cultivars shared 65% homology. In this group, no red rot-susceptible cultivar was present. The first two cultivars, CPSG2453 and SPF213, are moderately resistant and shared 69% homology. A maximum homology of 74% was observed between NSG311 and NSG555, which are respectively highly resistant and moderately resistant. This relatively high similarity is expected, since they are half-siblings. Sixty-seven percent of homology was found between the CPF246 and HoSG529 cultivars, both of them resistant to red rot. Group IB consisted of CPD346, CSSG676, CPD335, CPF237, SPSG26, SPSG79, SPSG394, SPF234, CP77-400, HSF242, and these cultivars showed 66% homology. The first half of Group IB from CPD346 to SPF234 displayed 67% homology, and included two susceptible to red rot cultivars (SPSG394, SPF234), two moderately resistant (CPD335, CPD346), two resistant (SPSG26, SPSG79), and two highly resistant (CSSG676, CPF237). The genotypes SPSG26 and SPSG79, which were the progeny of reciprocal crosses, and SPSG394, which shared a common genitor with SPSG26 and SPSG79, were altogether in subgroup IB. The second half of Group IB was constituted by cultivars CP77-400 and HSF242, respectively, resistant and susceptible to red rot. The homology between them was 71%. Group II consisted of four genotypes, namely Co1148, CPD334, HSF240, and NSG59, showing 67% homology. Co1148 is susceptible to red rot, while the three other genotypes are resistant or highly resistant.
DISCUSSION
It has been shown that RAPD and AFLP molecular markers have sufficient discriminatory power to distinguish different cultivars; nonetheless, these molecular tools often fail to reach clear conclusions in identifying duplicated clones (Zhang et al., 2006) . SSR markers have been widely used in molecular genotyping and genetic diversity analysis of sugarcane because of their locus-specificity and polymorphic nature (Cordeiro et al., 2000; Pan et al., 2003a Pan et al., , 2006 Glynn et al., 2009) .
PIC and RP have been used in several studies (Smith et al., 1997; Prevost and Wilkinson, 1999; Korkovelos et al., 2008) to analyze markers for their informativeness in genotyping, genetic diversity assessment, and discriminatory power. However, having high values of PIC and RP alone does not always indicate that an SSR marker can be efficiently used when genotyping sugarcane cultivars. The same is true in the case of the total number of detectable alleles. Only when all the three parameters are considered together, can one see the screening power of a particular SSR marker and select a small number of SSR markers to effectively detect the extent of genetic diversity among sugarcane cultivars, which is what was observed in this study.
In the current research, markers with higher RP values were more informative and could identify more cultivars. SSRs with RP value equal to or greater than 4.9 were able to discriminate all 20 cultivars. These results are in agreement with Prevost and Wilkinson (1999) , who observed a strong linear relationship between resolving power and discriminatory power of a marker. However, these values are dynamic and changeable, depending upon the number and nature of the genetic material involved. Although PIC values may serve as a reference in detecting genetic variability between genotypes, extra information is needed to proceed with marker selection. A higher PIC value does not guarantee a high efficiency to differentiate between cultivars. SSR markers that show higher PIC values and produce a larger number of detectable alleles can distinguish a greater number of cultivars than SSR markers with higher PIC values but producing smaller numbers of detectable alleles. For example, SMC31CUQ and mSSCIR66 shared the same PIC value of 0.80, but SMC31CUQ could amplify up to 11 detectable alleles and was able to identify all the 20 cultivars involved in this study. On the other hand, mSSCIR66 produced up to four amplifiable alleles and was able to differentiate only six cultivars. Thus, PIC value along with other parameters should be considered for primer selection.
The dendrogram showed that there was a high degree of similarity among the cultivars analyzed. The assignment of 16 of 20 (80%) genotypes in one cluster is indicative of the narrow genetic base of these sugarcane cultivars, which means that most of these cultivars may share the same genetic background, based on common ancestors. Three of four red rot susceptible cultivars (Co1148, HSF242, SPSG394, and SPF234) were present in one group (GI) and they were closely related.
From a general point of view, the findings of this study will help cane breeders correctly identify cultivars and expand the genetic base of the sugarcane by making crosses between genotypes that are less related. Crosses could then be selected and propagated to bring positive results to the sugarcane crop, keeping in mind that this is one of the most important crops grown in Pakistan. The 21 SSR markers analyzed can produce a large amount of polymorphism among the 20 cultivars. Three of these markers, namely SMC31CUQ, mSSCIR3, and SMC597CS, were identified as being able to discriminate the 20 sugarcane cultivars studied, currently grown in Pakistan.
